
Fermi National Accelerator Laboratory 

FE--Conf-9ti187 

Reducing Bunch Disruption in Transition Crossing 
by Modification of the RF Waveform 

J. Maclachlan et al 

Fermi National Accelerator Laboratory 
P.O. Box 500, Batavia, Illinois 60510 

July 1992 

Presented at the XVth International Cmference on High Energy Accelerators, 
July 2024, 1992, Hamburg, Germany 

a Operated by Unlvenities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the United States Deparbmntaf Energy 



Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of 
their employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any 
agency thereof: The views and opinions of authors expressed herein do not necessarily state 
or reflect those of the United States Government or any agency thereof 



REDUCING BUNCH DISRUPTION IN TRANSITION CROSSING BY 
MODIFICATION OF THE RF WAVEFORM 

J. MACLACHLAN, J. GRIFFIN, C. CRAWFORD, D. WILDMAN, C. BHAT, and M. MARTENS 
Fermi National Accelerator Laboratory,‘Batavia IL 60510, USA 

Abstract 

We investigate the utility of accelerating during the non- 
adiabatic period surrounding the time of transition with 
an If waveform modified by a recond OI third harmonic 
component to eliminate rf focusing. Simulation study 
shows this scheme not only to control momentumspread 
but also to have apparent advantage with respect to mi- 
crowavc instability. An experimental test has been ini- 
tiated in the Fermilab Main Ring using a cavity at the 
third harmonic of the rf. 

1 Introduction 

The transition energy ETA is the synchronous energy 
at which the beam circulation period r. is indepen- 
dent of momentum to first order in 6 = (p - p.)/p.: 

A.rC 
- = 7+++7# 
7. 

-1 70 = r;*? - Y, (Y = Elmoc’) 
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Here p is the particle momentum, p. is the momen- 
tum of the synchronous particle, and a1 is the John- 
son parameter. The longitudinal motion has a spe- 
cial character while E. sx E,; the frequency of the 
longitudinal oscillation approaches zero. The mo- 
tion is non-adiabatic during an interval 

La = h,.~c[E~/(4hc+eI’I mAI)]+ 

measured either side of transition, t, = 0. For a 
typical Fermilab Main Ring (MR) cycle t,, zz 3.5 
ms; it will be only slightly less for the future Main 
Injector (MI). The transition energy is not the smue 
for all particles: 

r,(a) = r,.P - (l/2 + 451 
Consequently, there is a nonlinear time while some 
pert of the bunch sees the unstable rf phase even for 
optimum timing of the phase switch: 

t,r = +(a~ +@ + l/Z)?6 

*Work supported by the U.S. Department of Energl con- 
tract No. DE-ACO2-76CH03000. 

For MR parameters this time is - 44 ms. 

A salient feature of the beam behavior near tran- 
sition is the increase in 6. Particles leading the 
synchronous phase receive excess energy each turn 
whereas those lagging receive too little; the momen- 
tum spread of the bunch increases because the off- 
momentum particles can not complete a phase oscil- 
lation during the non-adiabatic time. The increased 
momentum spread can exceed available aperture and 
certainly increases the nonlinear time. Much of the 
emittance dilution occurs after the transition cross- 
ing period because it is not possible to match the 
bunch resulting from the nonlinear motion. 

Another characteristic pathology of this part of 
the acceleration cycle is microwave instability. Be- 
cause the beam circulation is isochronous to first 
order at transition, the Landau damping of single 
bunch collective instability is drastically reduced. 
However, the growth time is difficult to calculate 
because the instability evolves by relative longitu- 
dinal motion, which is slow compared to the rate 
of change of parameters. In practice, microwave in- 
stability is a factor at transition in at least some 
accelerators (e.g., the CERN PS[l]) and appears in 
tracking simulation[Z]. 

The difficulties of the transition crossing regime 
may be avoided by modifying the lattice to put rT 
outside the operating range or by pulsed quadrupoles 
to change rT rapidly through the operating energy, 
achieving the effect of very high 4. The latter pro- 
cedure can introduce problems into the transverse 
motion. In any case, the cost of applying either 
scheme to the future MI is sufficient to encourage 
the exploration of alternatives. 

It has been proposed[3] to provide all of the par- 
ticles in each bunch with just the required accel- 
erating voltage but no longitudinal focusing during 
the transition crossing period by adding a second or 
third harmonic to the rf wave so that the sum has 
constant amplitude for a period around n/2 radians. 
With the focusing removed just prior to transition 
the bunches debunch by shearing, reaching maxi- 



mum width at transition. At this time the sign of 

r/o changes and the bunch returns to approximately 
its original shape during a similar time following 
transition. We refer to this scheme as the focus-free 
technique. Timing must be such that the shearing 
does not exceed the extent of the flattened portion of 
the rf we.ve. The phase spread attained by a bunch 
with momentum spread i6 starting t seconds before 
transition is[3] 

A&ax = 3 ($+. 
We take the focus-free interval to be the sum of 
the non-adiabatic and nonlinear times to find the 
extent of flattened waveform required. Addition of 
28 % of second harmonic or 13 % of third harmonic 
produces a waveform flat to 10.25 % over 70° or 
54’ respectively. 

Second and/or third harmonic rf has been used 
routinely in isochronous cyclotrons to minim& en- 
ergy spread,[4] but we are not aware that it has 
been tried near transition in an ion synchrotron. 
Encouraged by simulations, we have undertaken a 
test in the MR. Because transition crossing diffi- 
culties are evident there already at ~1(0.2 eVs, the 
third harmonic provides broad enough plateau to 
make a clear test, The remainder of this note is spe- 
cialized to MR parameters. Results of simulations 
and description of the rf system are given; some 
preparatory observations to determine rT and aI 
are also described at this conference.[5] The tests 
are planned for the summer of 1992. 

2 Modeling Studies in the Main Ring 

In the table following we collect the parameters used 
to model the MR, not necessarily characteristic of 
current operation. We have selected an intermediate 
value for longitudinal coupling impedance, which is 
found from various sources to be in the range of 5-20 
6I. Figure 1 shows the evolution of EL for four dif- 
ferent modes of negotiating transition as calculated 
by the program ESME.[i’] For a standard approach 
with fixed 4. (4. = 50’) and sudden phase jump the 
growth is greatest; it has the largest 6 and therefore 
the greatest shape mis-match after transition. This 
mode and a duck under in which 4. varies smoothly 
through 90° show similar microwave disruption in 
phasespace plots. The duck under is more success- 
ful because it leads to smaller 6. The curve showing 
least growth is the result of an 11.6 ms focus-free 
crossing from 7 = -1.6. lo@ to 1.5 lo-* with 
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Figure 1: Longitudinal emittance [eVs] vs. time [s] 
for (a) 4. = 50’ with fast phase jump, (b) contin- 
uous phase change, (c) focus-free scheme, and (d) 
focus-free scheme at eero beam current 

Zl,/n = 0; the frequency swing for the 159 MHz rf 
is 66.6 kHs. When the coupling impedance is in- 
cluded, the emittance growth is little changed and 
there is no evidence of microwave disruption of the 
phasespace distribution. Although the intent was 
to control 6, effects of beam current are also amelio- 
rated. The debunching near transition reduces peak 
current at this critical time more than it reduces the 
local momentum spread in the bunch. Furthermore, 
absent rf focusing, the effect of space charge focus- 
ing approximately cancels because of its change in 
sign. 

Table: Main Ring Parameters Used for Modeling 
mean radius 1.0 km 

rT. (nominal) 18.75 18.85 (meas.)[5] 

‘l Q 7T 88.7 s-1 

a1 0.62 f 30 % [5],[6] 
principal rf 63 MHz 4MV (max) 
shaping rf 159 MHz 280 kV (max) 

=i 0.2 eVs initial 
bunch intensity 3 .lOl” 
coum imp. Zll/n 9.0 Sl 1.7 GHz cutoff 

3 RF System 

The 280 kV, 159 MHe system is built around a 
modified SPS lepton accelerating cavity prototype 
purchased from CERN. We have lowered the res- 
onant frequency from 200 MHz by inserting nose 
cone extensions which make good electrical connec- 
tion and are secure mechanically as the result of 
shrink-fit installation. We have added through the 



Figure 2: Transverse bias yttrium garnet tuner us- 
ing three Transtek G-510 rings 127 mm (od), 34.9 
mm (id), 12.7 mm thick 

available flanged ports a gap short, a mechanical 
tuner, a power coupling loop, and B transverse bi- 
ased yttrium garnet ferrite tuner (Af = 60 kHz). A 
drawing of this tuner is given in Fig. 2. The cavity 
has been installed in the MR in place of one of the 
53 MHz cavities. A power amplifier using Eimac 
4CW25,OOO B t&ode with a :X anode resonator 
has driven the cavity to design voltage. The low 
level system has been augmented to provide the two 
harmonics in the correct ratio and to control the am- 
plitude of the 53 MHz system by driving the cavities 
in two groups with opposing correction phases. The 
correction phase is derived in the usual way from a 
radial position pickup but applied to digital phase 
shifters in the separate drive chains rather than to 
the common source. The longitudinal impedance 
spectrum has been measured by stretched wire and 
bead pull with and without short and with and with- 
out tuner bias. Neither these measurements nor ob- 
served beam excitation suggest that HOM damping 

will be required. 

4 Conclusions 

Removing the rf focusing during the non-adiabatic 
time around transition crossing seems a promising 
way to avoid the brightness or intensity limitations 
generally encountered in that part of the acceler- 
ation cycle. The approach may be more econom- 
ical for high energy accelerators than modification 
of the lattice dispersion because the hardware re- 
quirements are modest and all of it is in one loca- 
tion. The test planned for the Fermilab Main Ring 
should allow a conclusive verification of the concept, 
the modeling studies, and the practical aspects. 
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